An estimation of the equilibrium compositions of the austenite and carbonitride phases, as well as the mole fraction of each phase in C-Al-V-N microalloyed steels at different austenitising temperatures was made by calculations based on experimental data. Further, a comparison of the mole fraction was made from two thermodynamic models due to Adrian and Rios, with and without considering aluminium in the steels.
Introduction
It is well known that small amounts of elements such as V, Nb and Ti can significantly improve the overall mechanical properties of high strength low alloy steels through retarding recrystallization and grain growth of austenite at high temperatures and through dispersion hardening both in austenite and in ferrite. A knowledge of the austenite composition, as well as of the amount and composition of the carbonitrides, is essential for determining the optimum composition for the steel, as well as the most favorable combination of heat treatment parameters.
Thermodynamic analysis is found to be a very efficient method for studying the precipitation behavior of carbonitrides. Many experimental and theoretical studies on multicomponent carbonitride compositions have been carried out in the past.
However, very few studies have considered the effect of AlN on the precipitation thermodynamic calculation, although in many microalloyed steels, aluminium is present and it is able to form AlN. We know quite a lot about the different precipitation kinetics of VCN and AlN, but little about solution kinetics. In addition, very little work has been done to examine and verify the limited models available.
Owing to its different crystal structure (hcp), AlN does not show mutual solubility with the carbides or nitrides of V, Nb and Ti, all of which have NaCl cubic crystal structures. As a result, AlN precipitation competes for N with the NaCl-type carbonitride. 13) Therefore, AlN precipitation is expected to change not only carbonitride composition and mole fraction but also the corresponding matrix composition. 1 12 − ) In the present study, a comparison is made of two different methods of estimating the equilibrium compositions of the austenite and carbonitride phases, as well as the mole fraction of each phase including AlN in C-Al-V-N microalloyed steels, at different austenitising temperatures. One of the methods is called here the eleven parameter thermodynamic model 14 and the other is called the two parameter thermodynamic model. 
Derivation of the Thermodynamic Models

The eleven parameter thermodynamic model developed by Adrian for an
alloy system
It was assumed that three microalloyed elements as well as the interstitial elements (C, N) form dilute solutions in austenite and that their activities are described by Henry's law. An ideal stoichiometry of the carbonitride was also assumed, which implies that the total number of metal atoms is equal to the number of carbon and nitrogen atoms in the carbonitride. In an alloy system neglecting Al, the molar free energy of the carbonitride is obtained, for the chemical formula of the carbonitride , in which the value of ( , , )
z is equal to ( ), as described previously by Hillert and Staffansson
where and are the molar free energies of the 
. . where m o l is the gas constant. The integral excess molar free energy ng s expressed (4) was assumed that = , and of mixi by the regular solution parameters 
was obtained as 14) xyK
( )
Therefore, the thermodynamic equilibrium is described by a system of nine non-linear with nine unknown variables describing the compositions of the austenite
, , , , and N ), the carbonitrides ( 
( ) and Al e thermodynamic equilibrium consists of a system of eleven non-linear equations with eleven unknown variables.
The two parameter thermodynamic mo w
On basis of the theory of molar free energy and also assuming that Henry's law is
here denotes the sum over all is the atomic fraction of the microalloyed followed by the solutes, a mole of the complex carbonitride, neglecting any Al addition to the system, constituted by n metal elements M i , is derived as 
where and are the atomic fractions of microalloyed and interstitial elements that form the carbonitride, is the mole fraction of the carbonitride and is the atomic fraction of the microalloyed element in solution in austenite.
M Si i th
When perfect stoichiometry is assumed, then
Therefore, the system of equations describing the thermodynamic equilibrium in the alloy system with multicomponent NaCl-type carbonitride is given as follows 15 ) ) (
where and are the solubility products of the NaCl-type of carbide and nitride respectively of element . These solubility products must refer to concentrations in atomic fractions and to the NaCl-type of carbide or nitride.
Equations (32) to (38) can be modified to account for the presence of AlN by essentially rewriting the mass balance and allowing for the formation of a separate aluminium nitride phase. Hence
where
Although there are eight equations above, only two unknown parameters, i.e. and need to be solved initially. From the values of and , all the other parameters and can be obtained from equations (39)- (44).
Results and Discussion
Thermodynamic analysis programs
Because the above thermodynamic equilibrium equations contain non-linear terms, they can only be solved by using numerical methods with the aid of a computer.
Based upon the MINPACK routine HYBRD1, 18 two similar FORTRAN programs 19 have been written for the two models which choose the correction at each step as a convex combination of the Newton and scaled gradient directions. This guarantees global convergence for starting points far from the solution and a fast rate of convergence. The Jacobian is updated by the rank-1 method of Broyden given by
More et al.. 18 At the starting point, the Jacobian is approximated by forward differences, but these are not used again until the rank-1 method fails to produce a satisfactory process. Since the methods are iterative, an initial guess at the solution has to be made. It should be emphasized that the functions of these parameters and their derivatives are, in fact, discontinuous, and successive approximations often 
Thermodynamic analysis for experimental steels neglecting AlN
The effects of the austenitising temperature on the austenite composition, as well as on the amount and composition of the carbonitrides, have been analyzed for experimental microalloyed steels whose compositions are listed in Table 1 . In order to compare the influence of Al on the precipitation process, firstly, the thermodynamic analysis was carried out by both models without considering the 
Similarly, from the equations (32)-(38) in the two parameter thermodynamic model, 
The calculated results of mole fractions of the carbonitrides, the carbonitride composition and the matrix composition as a function of temperature are shown in
Figs. 1-3. As expected, the mole fraction of the carbonitrides decreases as the temperature increases (Fig. 1) . The precipitation of the carbonitrides could extend up to 1050 o C for Steel 2, which contains a higher nitrogen content, before they totally dissolve into austenite. By contrast, all the carbonitrides go into solution before 950 o C for the other steels, which contain a lower nitrogen content, due to insufficient nitrogen to form a more stable carbonitride. The temperature at which the calculated mole fraction of precipitates goes to zero, i.e. the temperature where all vanadium goes into solution in austenite, is considered to be equal to the carbonitride solution temperature. The atomic fraction of carbon in the interstitial lattice, , decreases while the atomic fraction of nitrogen , increases with temperature for all four
experimental steels (Fig. 2 ). Fig. 3 shows that the quantity of a particular element remaining in solution in austenite, from which it can be seen that most of the carbon tends to remain in solution, and as expected, the proportion of vanadium and nitrogen in solution increases as the temperature increases. 
Thermodynamic analysis for experimental steels including the effects of AlN
When AlN precipitation in steels also is considered, the effects of austenitising temperature on the parameters of precipitation and the austenite matrix can be evaluated by equations (47)- (48), plus equations (20)- (21) and (24)- (26) (Fig. 4(a) ). As a result, the dissolved aluminium in the austenite at first also slightly decreases and then increases (Fig.   4(c) ).
It should be pointed out that for a particular composition of steel, when the austenitising temperature reaches a particular temperature, a negative value of or will be obtained in the calculation, which means that in an equilibrium condition all the particles have gone to solution in austenite at this temperature. In the case of and , at higher temperatures, the calculation has to be repeated, with However, the advantage of the two parameter thermodynamic model is that it can be easily generalized to account for the presence of any number of separate nitrides and carbides coexisting with NaCl-type carbonitride.
15 )
The comparison of the mole fraction of carbonitrides and equilibrium composition of carbonitrides and austenite with and without considering AlN clearly show the influence of Al on these parameters in the steels (Fig. 5) . When considering AlN precipitation, which competes for nitrogen with the vanadium carbonitride, the mole fraction of carbonitride decreases ( Fig. 5(a) ), due to the impoverishment in nitrogen. Naturally, the atomic fraction of nitrogen in the interstitial lattice of carbonitride also decreases, dropping from 0.64 to 0.42 at 800 5(b) ). Subsequently, within the low temperature austenite range, more vanadium and less nitrogen go into solution in austenite, compared with the situation without AlN (Fig. 5(c) ). 
Appendix
Numerical solution of system of equations (11)- (14) and (20)- (26) By modification of the Powell hybrid method, 27 the system of equations in the eleven parameter thermodynamic model is defined as '  ''  '''   ,  ,  , , ,  , , , , , 
